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Magnetic properties of uranium and neptunium compounds showing the coexistence of Kondo
screening effect and ferromagnetic order are investigated within the Anderson lattice Hamiltonian
with a two-fold degenerate f -level in each site, corresponding to 5f2 electronic configuration with
S = 1 spins. A derivation of the Schrieffer-Wolff transformation is presented and the resulting
Hamiltonian has an effective f -band term, in addition to the regular exchange Kondo interaction
between the S = 1 f -spins and the s = 1/2 spins of the conduction electrons. The obtained
effective Kondo lattice model can describe both the Kondo regime and a weak delocalization of 5f -
electron. Within this model we compute the Kondo and Curie temperatures as a function of model
parameters, namely the Kondo exchange interaction constant JK , the magnetic intersite exchange
interaction JH and the effective f -bandwidth. We deduce, therefore, a phase diagram of the model
which yields the coexistence of Kondo effect and ferromagnetic ordering and also accounts for the
pressure dependence of the Curie temperature of uranium compounds such as UTe.
PACS numbers: 71.27.+a, 75.30.Mb, 75.20.Hr, 75.10.-b
I. INTRODUCTION
In cerium, ytterbium, uranium and other anomalous
rare-earth and actinide compounds, the interplay be-
tween Kondo effect and magnetism leads to the forma-
tion of various interesting phenomena which still attract
large attention.1–3 Both effects depend strongly on the
hybridization between f and conduction electrons, which
in turn significantly influence the level of localization of
the f -electrons. The extent of the localization is sensi-
tive to various external parameters, such as temperature
and pressure, but most importantly to the spatial ex-
tension of the orbitals. Actually, in the case of cerium
compounds, 4f -electrons are usually well localized, while
in the case of uranium and other actinide compounds,
5f -electrons can be either localized or itinerant, or in-
between, depending on the studied system. Moreover, in
the case of 5f -electrons, the experimental data do not
clearly distinguish between a localized 5fn configuration
and a mixed-valence regime. Thus, there is always a chal-
lenge to decide which is the best framework for discussing
actinide materials. The nature of the electronic structure
of actinide metals has been studied since a long time and
extensively reviewed.4–11
The difference between the 4f - and 5f -electrons leads
to different magnetic properties of rare-earth and actinide
compounds.12 In the case of cerium Kondo compounds,
a competition between the Kondo effect on each Ce atom
and the magnetic ordering of the Ce magnetic moments
through the RKKY interaction has been successfully de-
scribed by the so-called ”Doniach diagram”.13 In this
diagram, both the Ne´el temperature TN (or the Curie
temperature TC) and the Kondo temperature TK are ob-
tained as functions of the Kondo exchange interaction
constant, JK . In most of the Cerium compounds, the
magnetic ordering temperatures, TN or TC , are rather
low, typically of order 5 to 10 K. With increasing pres-
sure (i.e. with increasing JK) ordering temperatures pass
through a maximum and then tend to zero at the Quan-
tum Critical Point, above which the systems are non
magnetic heavy fermion ones.
The situation in actinide compounds is more complex,
and it is now established that some of them exhibit a
coexistence of magnetic order and Kondo effect. Indeed,
this phenomenon was observed in several uranium com-
pounds, like UTe,14–16 UCu0.9Sb2,
17 or UCo0.5Sb2
18 in
which a ferromagnetic order with large Curie tempera-
tures (equal, respectively, to TC = 102 K, 113 K and 64.5
K) and a logarithmic Kondo-type decrease of the resistiv-
ity above TC has been experimentally detected. A sim-
ilar behavior has been observed in the neptunium com-
pounds, NpNiSi2
19 and Np2PdGa3,
20 with Curie temper-
atures equal to, respectively, TC =51.5 K and 62.5 K.
The origin of this fundamentally different behaviors
lies in the fact that 5f -electrons are generally less local-
ized than the 4f -electrons and have tendency to partial
delocalization. In the latter case, 5f -electrons have dual,
localized and delocalized, nature which leads to reduction
of magnetic moments. Both phenomena have been ex-
perimentally detected. For example, magnetic moments
observed in UTe are substantially smaller than the free-
ion values for either the 5f2 or the 5f3 configurations.16
On the same side, in the series of uranium monochalco-
genides, US lies closest to the itinerant side for the 5f -
electrons, USe is in the middle and the 5f -electrons are
more localized in UTe, as evidenced by magnetization
measurements.16 Moreover, the Curie temperature of
UTe is passing through a maximum and is then decreas-
2ing with applied pressure, which is interpreted as a weak
delocalization of the 5f -electrons under pressure.5,16 The
dual nature of the 5f -electrons, assuming two localized
5f -electrons and one delocalized electron, has been also
studied by Zwicknagl et al.8,9 who have accounted, by us-
ing band calculations, for the mass enhancement factor
experimentally observed in some uranium compounds.
Another important difference between magnetic
cerium and uranium compounds lies in the value of the
5f -electron spins S which is always larger than 1/2 in
uranium systems (To avoid any confusion, in the follow-
ing S designs always the spin of the f -localized electrons
and s the spin of the conduction electrons). For spins S
larger than 1/2, Kondo effect is more complex and de-
pends on the number of screening channels: the under-
screened Kondo impurity problem and more generally
the multichannel impurity problem have been studied
extensively21–25 and solved exactly by the Bethe Ansatz
method.26 It has been clearly established that the large
spin S of the f -electrons can be completely screened at
T = 0 by spins of conduction electrons only if the num-
ber of screening channels n is equal to 2S. If this is not
the case, the problem is more complicated as shown by
Nozieres and Blandin.21
Here we are interested by the case of the underscreened
Kondo effect, which occurs when n is smaller than 2S; in
this case, in contrast to the regular Kondo impurity case,
the spin is only partially screened at low temperatures,
and this leads to a reduced effective spin Seff = S − n/2.
For a spin S = 1, this happens if there is only one ac-
tive screening channel, i.e., when only one conduction
band is present near the Fermi level. Indeed, for the sys-
tems studied here, this is an oversimplification: generally
all screening channels are not equivalent, thus, it is nat-
ural to consider that only one channel is coupled more
strongly to the local spin. This channel will dominate the
behavior, but other screening channels might play a role
at lower temperatures, resulting in a two-stage Kondo
screening with two Kondo temperatures.27 Very recently,
the underscreened impurity problem has been widely dis-
cussed in relation with experiments performed on quan-
tum dots coupled to ferromagnetic leads,28 and in molec-
ular quantum dots (so called molecular transistors).29
In a concentrated Kondo system, these reduced effec-
tive spins Seff = S − n/2 interact ferro- or antiferromag-
netically through RKKY exchange interaction, leading to
magnetic ordering of the reduced moments. Thus coexis-
tence of magnetic ordering and Kondo effect is expected
to occur more easily in the underscreened case than in
the standard S = 1/2 Kondo lattice.
The first attempt to describe the coexistence of ferro-
magnetism and Kondo effect in uranium compounds has
been performed with the help of an underscreened Kondo
lattice (UKL) model which considered localized f -spins
S=1 to describe a 5f2 configuration of uranium ions.30,31
This model describes the Kondo interaction, JK , between
localized S=1 spins and s = 1/2 spins of conduction
electrons, and an inter-site ferromagnetic exchange in-
teraction between the f -spins, JH . The mean-field treat-
ment of the UKL model gives an analog of the Doniach
phase diagram, and qualitatively accounts for the coex-
istence of ferromagnetism and Kondo effect. However,
this model is based on the assumption of localized 5f -
electrons. Of course, this assumption makes a constraint
on systems which can be described by the UKL, because,
as we already discussed, many metallic actinides do not
have fully localized electrons. To improve the model for
these compounds, one needs to include in the UKL a pos-
sibility for 5f -electron delocalization. This is the main
goal of the present study.
The article is organized as follows: we start by consid-
ering, in section II, the underscreened Anderson lattice
(UAL) model, in which the charge transfer is present
from the beginning, and we transform it by using the
Schrieffer-Wolff transformation32 for nftot = 2, which al-
lows for an effective f -band term, in addition to the ex-
change Kondo interaction between the S = 1 f -spins
and the s = 1/2 spins of the conduction electrons. Then,
in section III we present the mean field treatment of the
model and in section IV we compute the Curie and Kondo
temperatures as a function of the different parameters
and in particular of the f -bandwidth. We obtain new
phase diagrams which could account for the pressure de-
pendence of uranium systems such as UTe compound.
II. THE S=1 SCHRIEFFER-WOLFF
TRANSFORMATION.
The standard model to describe the physics of the
heavy fermion compounds is the periodic Anderson lat-
tice model whose Hamiltonian can be written as:
H = Hc +HV +Hf . (1)
The first term describes a conduction c-electron band:
Hc =
∑
kσ
ǫkc
†
kσckσ , (2)
where c†
kσ creates a conduction quasiparticle with spin
σ and momentum k, and ǫk is the energy of conduction
electrons. The term Hf includes all local energy terms
of the f -electrons and it is given by:
Hf =
∑
iσα
Efnfiασ +
∑
i
[
U(nfi1↑n
f
i1↓ + n
f
i2↑n
f
i2↓)
+ U ′(nfi1↑n
f
i2↓ + n
f
i1↓n
f
i2↑)
+ (U ′ − J)(nfi1↑nfi2↑ + nfi1↓nfi2↓)
− J(f †i1↑fi1↓f †i2↓fi2↑ + h.c.)
]
, (3)
where Ef is the energy of the two-fold degenerate f -
level and nfiσα is the number operator for f -electrons on
3lattice site i, orbital α and spin σ, U and U ′ are the
Coulomb repulsions among electrons in the same and in
the different orbitals, respectively, and J is the Hund’s
coupling constant. For 2 electrons per site, the ground
state of Hf is the triplet state with S = 1. We assume
here that this triplet state is much lower in energy than
the singlet states. This is achieved if U ′ − J is much
smaller than U ′ + J and than U . We study the SW
transformation in this limit, assuming that 2 electrons
on the same site can only be coupled in the S = 1 state.
Both subsystems, localized f -electrons and conduction
band, are coupled via a hybridization term,
HV =
∑
ikσα
(Vkαe
ik·Ric†
kσfiασ + V
∗
kαe
−ik·Rif †iασckσ),
(4)
where f †iσα and fiσα are creation and annihilation opera-
tors for f -electrons, carrying spin and orbital indexes, σ
and α (α = 1, 2), respectively.
In the Schrieffer-Wolff transformation, the f − c hy-
bridization term is eliminated by a canonical transfor-
mation. Thus, using the classical method explained in
Ref. 32, we start the procedure by writing the Hamilto-
nian as:
H = H0 +HV , (5)
where H0 = Hc + Hf . Then, we look at the scatter-
ing of an initial state |a〉 to a final state |b〉, through an
intermediate state |c〉, where the states |a〉, |b〉 and |c〉
are eigenstates of H0 and Ea, Eb and Ec are their eigen-
values, respectively. The SW transformation consists in
replacing the HV term of the Hamiltonian by an effective
interaction which is of second order in the hybridization
parameter V of the starting Hamiltonian HV . The de-
tailed description of the calculations can be found in Ref.
1 and 32. The resulting effective Hamiltonian is given by:
H ≃ H0 + H˜ , (6)
where:
〈b|H˜ |a〉 = 1
2
∑
c
〈b|HV |c〉〈c|HV |a〉( 1
Ea − Ec +
1
Eb − Ec ) .
(7)
The SW transformation has been initially performed
for the case of one 4f -electron in the 4f1 configuration.
Here, we will present a derivation of the SW transfor-
mation in the case of a 5f2 configuration, corresponding
to a f -spin S = 1, and to the so-called ”Underscreened
Kondo Lattice” model where the S = 1 spins are coupled
to a non-degenerate conduction band.
We study the SW transformation for 2 f -electrons
per site and allowing fluctuations of the number of f -
electrons between 1 and 2. Several interactions are gen-
erated by the SW transformation.33 Below we present the
derivation of the most relevant terms, leading to both lo-
cal and intersite effective interactions, namely the Kondo
interaction and the effective hopping of f -electrons.
A. The local effective interaction
First, we derive the s − f exchange Hamiltonian for
S = 1 localized f -spins. The corresponding eigenstates
of H0 are, therefore, given by:
|a〉 = c†
kσ′f
†
i1σf
†
i2σ|0〉 ,
|b〉 = c
†
kσ√
2
(
f †i1↑f
†
i2↓ + f
†
i1↓f
†
i2↑
)
|0〉 ,
=
1√
2
∑
σ′
c†
kσf
†
i1σ′f
†
i2σ¯′ |0〉 ,
|c〉 = c†
kσc
†
k′σ′f
†
iασ′′ |0〉 , (8)
and the corresponding eigenvalues are
Ea = Eb = U
′ − J + 2Ef + ǫk ,
Ec = ǫk + ǫk′ + E
f . (9)
The SW transformation leads to the standard Kondo-
like s − f exchange Hamiltonian, but here with f -spins
S = 1, and it is given by:
HK =
1
2
∑
ikk′
Jk,k′
[
c†
k′↑ck↓S
−
i + c
†
k′↓ck↑S
+
i
+ (c†
k′↑ck↑ − c†k′↓ck↓)Szi
]
(10)
where the different components of the spin S = 1 read:
S+i = n
f
i1f
†
i2↑fi2↓ + f
†
i1↑fi1↓n
f
i2 ,
S−i = n
f
i1f
†
i2↓fi2↑ + f
†
i1↓fi1↑n
f
i2 ,
Szi = n
f
i1↑n
f
i2↑ − nfi1↓nfi2↓ , (11)
and the corresponding exchange integral is:
Jk,k′ = −V ∗kαVk′αei(k−k
′)·Ri
×
( 1
U ′ − J + Ef − ǫk′ +
1
U ′ − J + Ef − ǫk
)
,
(12)
This exchange integral Jk,k′ can be easily simplified,
because ǫk
4Fermi energy. Then, the difference between k and k′ can
be neglected in both the values of ǫk and of Vkα. We also
assume that the mixing parameter does not depend on
the orbital index α. Thus, Jk,k′ can be approximated in
the following by:
Jk,k′ ≈ − 2|VkF |
2
U ′ − J + Ef − µ ≡ JK , (13)
where µ is the Fermi level and VkF is the value of V
at the Fermi level. Eq. (13) gives the definition of the
Kondo exchange interaction, JK that we will use in the
following. It is also interesting to notice that the Kondo
effect is large when the energy U ′ − J +Ef is very close
to the Fermi energy. In fact the denominator in Eq. (13)
is the energy difference between the ground state energy
U ′− J +2Ef + ǫk of two f -electrons in |a〉 and |b〉 states
and the energy of the intermediate state |c〉 with one f -
electron: Ef + ǫk + ǫk′ .
B. The intersite effective interaction
Among the different terms emerging from the SW
transformation we consider in detail those that corre-
spond to a non-local interaction involving 2 different sites
i and j. In this case, the relevant initial and final states
|a〉 and |b〉 are two-sites states with a total occupation of
three f -electrons, allowing charge fluctuations between
sites i and j. Consequently, an effective f bandwidth is
obtained in the 2nd order in Vk. Thus, we derive an effec-
tive band Hamiltonian, HW , as the sum of three terms
which arise from the Schrieffer-Wolff transformation and
where the sum over i and j refers to different sites:
HW = HW1 +HW2 +HW3 , (14)
where:
HW1 = −
∑
kασij
|Vk|2eik·(Ri−Rj)
U ′ − J + Ef − ǫk
× (f †jασf †i1σf †i2σfj2σfj1σfiασ
− f †jασf †i1σf †i2σfj2σfj1σfiα¯σ + h.c.) , (15)
HW2 = −1
2
∑
kασσ′ij
|Vk|2eik·(Ri−Rj)
U ′ − J + Ef − ǫk
× (f †jασ¯f †i1σf †i2σfj2σ¯′fj1σ′fiασ
− f †jασ¯f †i1σf †i2σfj2σ¯′fj1σ′fiα¯σ + h.c.) , (16)
HW3 = −1
4
∑
kασσ′σ′′ij
|Vk|2eik·(Ri−Rj)
U ′ − J + Ef − ǫk
× (f †jασf †i1σ′f †i2σ¯′fj2σ¯”fj1σ′′fiασ
− f †jασf †i1σ′f †i2σ¯′fj2σ¯′′fj1σ′′fiα¯σ + h.c.) . (17)
These three terms can be simplified in the mean field
approximation by introducing average occupation num-
bers 〈nfiασ〉. For simplicity, we will neglect all interorbital
transfer terms. With these assumptions, we can see that
the HW terms can be considered as effective f -hopping
terms between i and j sites with a spin dependent hop-
ping (see next section). If the k dependence of Vk is
neglected, as is often assumed, one can deduce from Eqs.
(15), (16) and (17) that there is no intersite hopping.
Thus, the k dependence of Vk is at the origin of the ef-
fective f -bandwidth and has to be taken into account.
This k dependence is due to non-local hybridization be-
tween f and c electrons, which has no influence on the
Kondo interaction, but has to be taken into account for
intersite interactions. In the following we write the coef-
ficient which enters in the expression of HW as:
|Vk|2
U ′ − J + Ef − ǫk ≈ −
JK
2
g(k) , (18)
where the function g(k) includes the k-dependence of
|Vk|2, while the k-dependence of ǫk is not essential here,
but could be also included.
Finally, the resulting transformed Hamiltonian con-
tains two terms: HK , that gives the Kondo exchange
interaction for spin S = 1 and the important and new
term HW , which can be considered as an effective band
term for the 5f -electrons.
Thus, in addition to the Kondo interaction, we have
derived here a term which leads to a finite f -bandwidth;
this newly introduced term will be shown as giving a
better description of uranium and actinide compounds
where the 5f -electrons are less localized than the 4f -
electrons in rare earth compounds.
Besides this effective band term, there are other in-
tersite interactions which lead to RKKY exchange, but
they arise only to 4th order in hybridization Vk. We do
not compute all these terms, but, instead, we will intro-
duce them phenomenologically as an additional intersite
exchange parameter of the model, JH .
III. THE MEAN FIELD APPROACH.
Combining all terms obtained in the preceding section,
we can write the new effective Hamiltonian as:
H = Hc +HK +HW + 1
2
JH
∑
ij
SiSj . (19)
5The Heisenberg interaction JH is considered here as a
ferromagnetic exchange between nearest neighbors only.
In fact RKKY interactions are long range and oscillating,
but since our aim is to study the coexistence of ferromag-
netism and Kondo effect, we consider only ferromagnetic
interactions. The mean field approach has been previ-
ously described in Ref. 30. For the Kondo part HK ,
it is based on a generalization of a functional integra-
tion approach described by Yoshimori and Sakurai for
the single impurity case34 and by Lacroix and Cyrot for
the S = 1/2 Kondo lattice case.35,36
Here we introduce the following mean field parameters:
the average occupation numbers 〈nfiασ〉, 〈nciσ〉 and the
”Kondo” parameter 〈λiασ〉 = 〈f †iσciασ〉. We restrict our-
selves to uniform solutions in which all these quantities
are site and orbital independent, i.e., 〈nfjασ〉 = 〈nfiασ〉 =
nfσ, 〈nciσ〉 = ncσ and 〈λiασ〉 = λσ.
Thus, HW can be written as:
HW =
∑
kσα
Γkσf
†
kασfkασ , (20)
The effective band dispersion depends on spin but not
on the orbital indexes. Then:
Γkσ = Γσg(k)
(21)
with
Γσ = −JK
2
[
(nfσ)
2 +
1
2
nfσn
f
σ¯ +
1
4
(nfσ¯)
2
]
,
(22)
and where g(k) is the dispersion relation for the f -band.
We assume, for simplicity, that the f -band dispersion
is similar to the conduction electron dispersion, i. e.,
g(k) = Pǫk+P
′. We also assume that the f -band should
be narrower than the conduction band, so P < 1. Pa-
rameter P ′ can be included in the local energy Ef , and
P is a multiplicative coefficient that can be absorbed in
the definition of Γσ. Then we have:
Γkσ = Γσg(k) = Aσǫk (23)
with
Aσ = −JK
2
P
[
(nfσ)
2 +
1
2
nfσn
f
σ¯ +
1
4
(nfσ¯)
2
]
, (24)
The total Hamiltonian can be now written in the mean
field approach as follows:
H =
∑
kσ
ǫckσn
c
kσ +
∑
iσα
Ef0σn
f
iασ
+
∑
kσα
Λσ(c
†
kσfkασ + h.c.)
+
∑
kσ
Akσf
†
kασfkασ + C , (25)
-1
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FIG. 1. Band structure obtained in mean field approximation,
for P = 0.12, JK = 0.53, JH = −0.01, n
c = 0.8 and nftot = 2.
where we have :
Ef0σ = E
f + U ′nfσ¯ + (U
′ − J)nfσ + JKσmc
− JK
8
(λ↑ + λ↓)
2 + JHzσM
f , (26)
ǫc
kσ = ǫk +∆σ , ∆σ = JKσM
f , (27)
Λσ = −JK
4
(λσ + λσ¯) , (28)
C = −2U ′Nnf↑nf↓ − (U ′ − J)N [(nf↑)2 + (nf↓)2]
+
JK
2
N(λ↑ + λ↓)
2 − JH
2
zN(Mf)2
− JKNmcMf , (29)
with σ = ± 12 , Mf = nf↑ − nf↓ and mc = 12 (nc↑ − nc↓).
The diagonalization of the Hamiltonian gives one pure
f -band, Ef
kσ given by :
Ef
kσ = E
f
0σ +Aσǫk , (30)
and two hybridized bands E±
kσ given by:
E±
kσ =
1
2
[ǫk(1 +Aσ) + E
f
0σ +∆σ ± Skσ] , (31)
with
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FIG. 2. Magnetization of f -electrons Mf , magnetization of
c-electrons mc, and Kondo parameters λσ for both spin direc-
tions for cases (b) and (c) (see the text for definitions), with
JH = −0.01, n
c = 0.8 and nftot = 2.
Skσ = E
+
kσ − E−kσ
=
√
[ǫk(1−Aσ)− (Ef0σ −∆σ)]2 + 8(Λσ)2 . (32)
On Fig. 1, we present a typical band structure result-
ing from the three bands Ef
kσ and E
±
kσ for JK = 0.53
and JH = −0.01. In all figures presented here, z = 6,
where z is the number of nearest neighbors in a simple
cubic lattice. In our calculations, the values of JK and
JH are defined in units of the half bandwidth D of the
conduction band. One can see on Fig. 1 the important
effect of the finite f -bandwidth: the band structure is
very different from that without any f -bandwidth used
in Ref. 30.
IV. RESULTS AND CONCLUSIONS
In this section, we present numerical results obtained
from this model, using the general method described in
detail in Ref. 30: we derive the Green functions and
we calculate self-consistently the magnetization Mf for
the f -electrons, the magnetization mc for the conduc-
tion electrons and the two spin-dependent λσ parame-
ters which describe the Kondo effect, by imposing con-
straints on the total number of f -electrons and conduc-
tion electrons, nftot = 2, and n
c
tot = n
c, respectively. Hav-
ing solved the self-consistent equations, we study various
properties of the model. The Curie and Kondo tempera-
tures are defined, within this mean field approach, as the
temperatures at which respectively the magnetizations or
the λσ parameters tend to zero.
As already mentioned in the previous section, the half
f -bandwidth derived from the Schrieffer-Wolff transfor-
mation is spin-dependent and it is given by Aσ, eq. (24).
Aσ can be rewritten as:
Aσ = −JKP
32
[
7 + 3(Mf)2 + 6σMf
]
. (33)
indicating that the effective bandwidth and the magneti-
zation are correlated. In fact it can be easily checked that
the bandwidth for up-spin increases with magnetization
while it is the opposite for down-spin: this is consistent
with the double exchange process in the ferromagnetic
phase, which favors itinerancy of the conduction elec-
trons with spin parallel to the localized moment, because
of intra-atomic Hund’s coupling.
Here, however, we would like to explore the parameter
dependence of the effective bandwidth including differ-
ent possibilities for the relative variation of the Kondo
coupling, JK , and the f -bandwidth Wf . In order to do
that, we considered also the following definitions of Wf :
• case (a): a constant bandwidth: Wf = const;
• case (b): a bandwidth Wf proportional to the
Kondo coupling constant: Wf = QJK ; in this way
we can take into account the effect of pressure on
both the bandwidth and the Kondo coupling, since
both are sensitive to the increase of hybridization
under pressure.
• case (c): a bandwidth directly obtained from the
SW transformation. From Eqs. (23)-(24), we get a
spin dependent bandwidth: Wf = 2Aσ.
In the following, all calculations are done assuming that
the conduction band ǫk has a width 2D and that its den-
sity of states is constant and equal to 1/2D.
On Fig. 2, we present a plot of the temperature varia-
tion of the Kondo correlations λ↑ and λ↓, and also the f
and c magnetizations, Mf and mc, for cases (b) and (c).
The parameters are nc = 0.8 and JH = −0.01. Upper
plot is for case (b) with Q = 0.12, while lower plot is for
case (c) with P = 0.12.
The two magnetization curves clearly show a second
order magnetic phase transition at TC , below which m
c
and Mf are always antiparallel, as expected because JK
is an antiferromagnetic coupling. At low temperatures,
Kondo effect and ferromagnetism coexist together, and,
due to the breakdown of spin symmetry at TC , λ↑ and
λ↓ become slightly different in the ferromagnetic phase.
We define the Kondo temperature as the temperature
where λ↑ and λ↓ vanish. The fact that the Kondo pa-
rameter vanishes at a particular temperature is a well
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FIG. 3. Curie temperature TC , and Kondo temperature TK , versus JK for the three cases (a), (b) and (c), with JH = −0.01,
nc = 0.8 and nftot = 2. For cases (a), (b) and (c) T1 is also shown (see the text).
known artefact of the mean field approximation. Actu-
ally TK is a crossover temperature, associated with the
onset of Kondo screening. In all cases, the Kondo tem-
perature TK is larger than the Curie temperature TC and
we never found situations where TK < TC : once ferro-
magnetism is established, Kondo effect does not appear
below TC ; it is blocked by the effective internal magnetic
field.
To investigate the effect of the pressure on the Kondo
and Curie temperatures, TK and TC , respectively, we
computed these characteristic temperatures for various
values of JK for fixed values of exchange interaction JH
and number of conduction electrons nc. Figs. 3a,3b and
3c are obtained for three different characterizations of
the f-bandwidth, cases (a), (b) and (c), respectively. We
notice that the temperatures TK and TC are obtained
as the temperatures at which the mean field parameters
(f and c magnetizations and the Kondo parameters λ)
vanish. In the three cases we note that the Kondo tem-
perature TK becomes non-zero only above a critical value
JcK which varies from case to case. In all cases, once non-
zero, the Kondo temperature rapidly increases for larger
values of JK . The Curie temperature, TC , is non-zero
above a given JK value in case (a), below a given JK
value for case (b) and is non-zero for all studied values
of JK for case (c). The reason for these different behav-
iors is easy to understand. In case a) the f-bandwidth is
constant and the system needs a finite value of JK to get
magnetic ordering because f-electrons are itinerant even
at small JK . In case b) the f-bandwidth increases linearly
with JK , so, for low values of JK the f-electrons are local-
ized and they are magnetic even for JK = 0; thus as soon
as JK is different from zero, magnetic ordering occurs.
When increasing JK the f-bandwidth also increases, and
magnetism is destroyed because of the itinerant charac-
ter of the f-electrons. Finally in case c) the f-bandwidth
depends on both JK and magnetization, and the depen-
dence is different for up and down spin electrons;it can
be seen on figure 3 that this complex dependence of the
bandwidth leads to small variation of the Curie temper-
ature, with a weak maximum. However a crossing point,
at which TC and TK are equal is obtained in all cases.
Concerning the Kondo effect, in all cases (a), (b) and
(c) a peculiar behavior has been obtained for values of
JK just above this crossing point: at the temperature T1
indicated on Fig. 3a), 3b) and 3c) the Kondo parameters
vanish, being non-zero only between T1 and TK . To bet-
ter understand this behavior, we have plotted on Fig. 4,
Mf , mc and λ↑ for n
c = 0.8, JH = −0.01 but for values
of JK near the crossing of TC and TK , i.e., JK = 0.75 for
case (a), JK = 0.8 for case (b) and JK = 0.52 for case (c).
It appears clearly that, with decreasing temperature, the
Kondo effect occurs first, then there is a coexistence of
Kondo effect and ferromagnetism, and finally the Kondo
effect disappears to yield only a strong ferromagnetism
at extremely low temperatures. This behavior can be in-
terpreted in the following way: Kondo effect for a spin
S = 1 cannot be complete, as explained in the intro-
duction. Thus if exchange is large enough, the ordering
of the remaining f -moments occurs in the Kondo phase.
However, at lower temperature, when these magnetic mo-
ments are large, they act as an internal magnetic field
that destroys the Kondo effect. It should be pointed out
that there is at present no experimental evidence in favor
or in contrast of such an effect in actinide compounds at
very low temperature.
Another interesting result that can be pointed out is
the decrease of the Curie temperature for large JK above
the intersection point particularly in case (b), but also
within a small range of value of JK in case (c). This de-
crease can probably be considered as resulting from the
”delocalization” of the 5f -electrons. Let us also remark
that JK increases with increasing pressure and that the
two Figs. 3b) and 3c) can give a description of the ex-
perimentally observed variation of TC with pressure in
UTe compound, which is passing through a maximum
and then decreasing with applied pressure.5,16
To summarize our paper, the present work improves
the previous S = 1 UKL model of Ref. 30 by explic-
itly including the effect of a weak delocalization of the
5f -electrons. Within this improved model, we have ob-
tained new phenomena in the region where TC and TK
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FIG. 4. Magnetization of f -electrons Mf , magnetization of
c-electronsmc, and Kondo parameter λ↑ for cases (a), (b) and
(c), with JH = −0.01, n
c = 0.8 and nftot = 2. Here λ↓ ≈ λ↑.
are of the same order of magnitude: a possible disap-
pearance of the Kondo effect at low temperature, which
is a direct consequence of the underscreened Kondo ef-
fect, and a maximum of TC as a function of JK . It is
worth to note that, in our model, the delocalization of
the 5f -electrons increases when JK increases, i.e. when
pressure is applied; then the magnetization decreases and
in the same way the Curie temperature. Therefore, the
change in the Curie temperature at large JK is more in-
fluenced by delocalization than by competition between
magnetism and Kondo effect. This is a different result
compared with the case of Cerium compounds, where the
magnetization is destroyed by Kondo effect, i.e. by the
screening of the magnetic moment. In the underscreened
S = 1 Kondo lattice, because Kondo screening can never
be complete, the Kondo effect alone does not destroy fer-
romagnetism.
To conclude, we have shown that our model includes
two effects which are essential to describe the 5f -electron
compounds: the small delocalization of the 5f -electrons,
and the S = 1 spins found in uranium or neptunium com-
pounds. The first effect works against magnetism, while
the second one favors magnetism. The competition be-
tween these two effects leads to complex phase diagrams
which can improve the description of some actinide com-
pounds and explain in particular the maximum of TC
observed experimentally in UTe compound with increas-
ing pressure.
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